BACKGROUND: High concentrations of enflurane will induce a characteristic electroencephalogram pattern consisting of periods of suppression alternating with large short paroxysmal epileptiform discharges (PEDs). In this study, we compared a theoretical computer model of this activity with real local field potential (LFP) data obtained from anesthetized rats. METHODS: After implantation of a high-density 8 ϫ 8 electrode array in the visual cortex, the patterns of LFP and multiunit spike activity were recorded in rats during 0.5, 1.0, 1.5, and 2.0 minimum alveolar anesthetic concentration (MAC) enflurane anesthesia. These recordings were compared with computer simulations from a mean field model of neocortical dynamics. The neuronal effect of increasing enflurane concentration was simulated by prolonging the decay time constant of the inhibitory postsynaptic potential (IPSP). The amplitude of the excitatory postsynaptic potential (EPSP) was modulated, inverse to the neocortical firing rate. RESULTS: In the anesthetized rats, increasing enflurane concentrations consistently caused the appearance of suppression pattern (Ͼ1.5 MAC) in the LFP recordings. The mean rate of multiunit spike activity decreased from 2.54/s (0.5 MAC) to 0.19/s (2.0 MAC). At high MAC, the majority of the multiunit action potential events became synchronous with the PED. In the theoretical model, prolongation of the IPSP decay time and activity-dependent EPSP modulation resulted in output that was similar in morphology to that obtained from the experimental data. The propensity for rhythmic seizure-like activity in the model could be determined by analysis of the eigenvalues of the equations. CONCLUSION: It is possible to use a mean field theory of neocortical dynamics to replicate the PED pattern observed in LFPs in rats under enflurane anesthesia. This pattern requires a combination of a moderately increased total area under the IPSP, prolonged IPSP decay time, and also activity-dependent modulation of EPSP amplitude.
general anesthetics. [1] [2] [3] [4] Because of its perceived proconvulsant effects, enflurane is not commonly used in clinical practice. Nevertheless, we have chosen to model enflurane because it is an archetypal epileptogenic volatile general anesthetic [5] [6] [7] and its molecular mechanisms of action have been widely investigated. 8 -11 Sevoflurane produces similar EEG patterns, albeit to a lesser degree. 12, 13 At concentrations of less than approximately 0.7 minimum alveolar anesthetic concentration (MAC), enflurane will result in slowing and increasing amplitude of the scalp EEG, the cortical depression pattern that is seen with many anesthetic drugs. 2, 14 At higher concentrations, enflurane produces a different EEG pattern, consisting of episodic high-amplitude sharp waves usually lasting Ͻ70 ms, within the background EEG activity (Fig. 3 ). These are commonly termed "paroxysmal epileptiform discharges" (PEDs). In this article, we will use this term in preference to the older term, "epileptiform spikes," because of the potential for confusion with singleneuron action potentials, which are also often called spikes. PEDs are sudden synchronous short-lived neuronal depolarizations occurring within a localized area of cerebral cortex. PEDs are not themselves usually associated with any motor manifestations but may occasionally progress to generalized rhythmic seizure activity. As the concentration of enflurane increases to Ͼ1.5 MAC, the pattern becomes one of PEDs interspersed with periods of electrical silence (Figs. 1b and 3c). Enflurane (and to a lesser extent sevoflurane) thus displays an extreme form of the burst suppression pattern that is seen with high concentrations of all volatile general anesthetics. In contrast, isoflurane is a relatively anticonvulsant volatile anesthetic drug and tends not to produce PEDs 12 but instead a more slowly modulated burst pattern. The difference between enflurane and isoflurane burst suppression patterns is shown in Figure 1 . Clearly, at high doses, there are substantial differences between the two drugs. Burst suppression has been described as a paradoxical state of neuronal suppression coexisting with neuronal hyperexcitability. 15 The neuropharmacological mechanisms involved in the production of the burst suppression pattern are not clear at present. In a neocortical slice preparation, Lukatch et al. 15 have shown that GABAergic mechanisms alone are not sufficient to produce a burst suppression pattern, but that additional modulation of excitatory postsynaptic potential (EPSP) activity was required. Similarly, the causes of enflurane-induced seizure activity are not well understood. In previous work, we and others have postulated that the tendency for the cortex to transition to large amplitude oscillations (typical of generalized seizures) results from dynamical instabilities between populations of neurons, 16, 17 generated by the fact that enflurane causes the inhibitory input to become very prolonged. 18 In effect, we claimed that the observed extreme oscillations in cortical activity could be a consequence of "pathological" interactions between populations of neurons (induced by an excessive lag in the inhibitory neuronal circuits). In the previous article, we modeled full-blown seizures and did not attempt to model the more common PED/burst suppression EEG pattern, which is seen almost every time the enflurane concentration exceeds approximately 1.5 MAC.
The aim of this study was to obtain local field potential (LFP) and extracellularly recorded multiunit action potential (MUA) data from a dense twodimensional array of electrodes in the visual cortex of rats that had been exposed to a range of different concentrations of enflurane. This would enable us to compare (in some detail) these data with output from the previously described, theoretical continuum model. For almost 10 years, we and others have explored the ability of continuum models to describe EEG patterns in anesthesia, sleep, and seizures. 1-4,16,19 -23 We refer the reader to an excellent recent review of general anesthesia models by Foster et al. 24 There are two components to our model: (i) the burst suppression EEG pattern is modeled using slow activitydependent fluctuations in EPSP amplitude, and (ii) the destabilizing effects of enflurane on cortical activity is modeled as a prolongation of the inhibitory postsynaptic potential (IPSP) that is out of proportion to the peak amplitude of the IPSP. If the theoretical model is valid, if the observations of Lukatch et al. are correct, and if we use parameter values that correctly reflect a prolonged IPSP decay time and fluctuating EPSP amplitude, the model should replicate the experimentally observed enflurane-induced PEDs.
METHODS

In Vivo Experimental Methods
The experimental procedures and protocols used in this investigation were reviewed and approved by the Institutional Animal Care and Use Committee of the Medical College of Wisconsin, Milwaukee, Wisconsin. All procedures conformed to the Guiding Principles in the Care and Use of Animals of the American Physiologic Society and were in accordance with the Guide for the Care and Use of Laboratory Animals (National Academy Press, Washington, DC, 1996) . Adult male Sprague-Dawley rats were kept in reverse light-dark cycle housing for 10 days before the experiments. Rats weighing 270 -330 g were anesthetized for surgery with desflurane, chosen for its property to allow rapid emergence and to avoid an exposure of the animal to enflurane at epileptogenic concentrations before setting up the electrophysiological recording. After tracheostomy and muscle paralysis with 200 mg/kg gallamine, the animals' lungs were artificially ventilated with oxygen-enriched (30%) air. Inspiratory and expiratory gas concentrations (oxygen, anesthetic, and carbon dioxide) were monitored using a clinical anesthesia monitor (POET II, Criticare Systems, Waukesha, WI). Body temperature was thermostatically controlled at 37°C. One femoral artery was cannulated for the measurement of arterial blood pressure, and the femoral vein on the other side was cannulated for drug infusion. The head was secured in a stereotaxic apparatus. A craniotomy in a rectangular area of 4 ϫ 4 mm was prepared over the occipital cortex of the right hemisphere. The dura was left intact. A square array of 64 microelectrodes (Cyberkinetics, Salt Lake City, UT) for the simultaneous recording of MUA and LFP was inserted into the cortex (Fig. 2 ). The spacing of electrodes in the 8 ϫ 8 array was 400 m, and the length of each electrode from base to tip was 1.5 mm. The array was inserted through the dura using a pneumatic device (Cyberkinetics). The inserter was angled laterally at 10°from vertical to accommodate the curvature of the cortex. Pneumatic insertion drove the electrode tips to a nominal depth of 0.3 mm below surface. The depth of penetration was then advanced using a fine micromanipulator to approximately 1 mm below dura, targeting layer V pyramidal cells. Mineral oil was applied to the cranial vault to prevent drying of the tissues. A platinum wire serving as a reference electrode was placed into the ipsilateral scalp. After surgery, desflurane anesthesia was discontinued and enflurane administration was started at 2.2%, corresponding to 1.0 MAC.
Electrical signals from the 64 electrodes were amplified and recorded using a Cerebus data acquisition system (Cyberkinetics/I2S). To obtain LFP, the raw analog signal was bandpass filtered for 1-250 Hz, sampled at 500 Hz, and stored continuously. For MUA, the signal was bandpass filtered for 250 Hz to 7.5 kHz and sampled at 30 kHz. Only the waveforms of spike events that passed a set threshold were saved. Spike thresholding was first performed using a fixed root mean square (RMS) multiplier (part of the Cerebus software) and then manually adjusted for each of the 64 channels, as necessary. Thresholding was performed once, in the enflurane condition. All electrical signals were then recorded for 5 min at four enflurane concentrations of 0.5, 1.0, 1.5, and 2.0 MAC in increasing order. This protocol was chosen because equilibration times are shorter with cumulative administration. Fifteen minutes was allowed at each enflurane level before the recording was commenced. Arterial hypertension associated with the decreasing of anesthetic concentration was prevented by an infusion of the adrenergic receptor blocker, labetalol (5 mg/mL, 2-10 mL/h).
Spike Sorting
The activities of individual units from the chosen channels were distinguished using the offline spike sorter software PowerNAP (OSTG, Fremont, CA). The software applies principal component analysis and cluster analysis methods to sort the spikes. In essence, principal component analysis defines the linearly independent factors in the spike data and transforms them to an ordered set of orthogonal basis vectors that capture the directions of largest variation. A scatterplot is then created using the first two principal components, and various clustering methods (Tdistribution, K-means, Manual) are applied to define the boundaries for the separation of clusters into their individual units. In the first step, T-distribution is applied to remove noise artifacts from data. K-means clustering is then applied to separate the data into a predefined number of clusters. We have allowed two or three clusters per channel. In the final step, remaining outliers are removed through manual clustering as necessary. Synchronous artifacts related to external noise were also removed using PowerNAP. This was based on the detection of spike events that occurred on at least half of units within an interval of 0.5 ms. Once the spikes were sorted and artifact-free, peristimulus raster plots were examined using the software NeuroExplorer (Nex Technologies, Littleton, MA). Units with very low overall activity were eliminated. Because the number of spikes on all channels decreased as the anesthetic concentration was increased, qualifying units were selected at the lowest anesthetic concentration only, and this selection was applied for all other anesthetic levels.
Theoretical Modeling
We used a neuronal mass model similar to that previously described in detail by Wilson et al. 17 The specific formulation of the equations and parameter values that we have used in this article are described in the Supplementary Materials (see Supplemental Digital Content 4, http://links.lww.com/AA/A21) section. The advantage of this model is that its output (the mean soma potential) can be directly compared with experimentally measured LFPs. 25, 26 In brief, the model consists of a set of partial differential equations that describe the time evolution of the mean soma potentials of a two-dimensional homogeneous system of coupled inhibitory and excitatory neurons. This system represents an unlayered cortical sheet. In the model, we are able to specify the magnitude and duration of excitatory and inhibitory synaptic potentials, the effects of reversal potentials, the form of the sigmoid relationship between probability of firing and soma potential, and the effect of leak currents on the resting membrane potential. Therefore, we can model a variety of synaptic and intrinsic influences on inhibitory and excitatory neuronal function. The population of neurons, over which we average, is termed a "macrocolumn." It consists of approximately 0.5 mm 2 of cortex (about 50,000 neurons), corresponding roughly to the size of typical excitatory neuronal dendritic arborization. Each macrocolumn also receives excitatory input from surrounding cortex and nonspecific white noise input from subcortical structures. We have slightly altered the parameters to approximate the smaller size (and more tightly packed) rat cortex, compared with the human cortex of our previous models. Based on previous published experimental work, we have constrained our possible range of parameter values. The effects of enflurane were quantitatively modeled based on experimental work studying the effects of volatile anesthetics on the hippocampus by Banks and Pearce, 18 and Nishikawa and MacIver. 27 These studies are broadly in agreement and suggest that enflurane acts to: (i) cause a relative increase in IPSP decay time constant, from a starting value of 1.0 to a value in excess of 3.0 at Ͼ1.0 MAC; and (ii) initially increase the relative total area under the IPSP from 1.0 to approximately 2.0 at 1.0 MAC. At higher concentrations (approximately 2.0 MAC), the blocking effect of enflurane on the chloride channel predominates, and the IPSP area decreases slightly to a value of about 1.8 times the starting area. The blocking effect of isoflurane is much less than enflurane, and therefore, at 2.0 MAC isoflurane, the relative area of the IPSP (a measure of the total charge/synaptic event) is about 3.5 times the starting value. Previously, the particular proconvulsant properties of enflurane and sevoflurane have been explained on the basis of their increased blockade of the peak IPSP amplitude alone. 18, 27 The problem with this explanation is that the total inhibitory charge engendered by the synaptic IPSPs was at least double that found, when there was no anesthetic drug present, i.e., seizures were occurring when the cortex was in a state of marked net increased inhibition. Our explanation is a bit more subtle. We suggest that the peak amplitude is not in itself important in destabilizing the cortex but rather the ratio of the amplitude to the decay time. In our simulation of neocortex, we have used a conservative starting value of IPSP decay time Х11.1 ms, which is prolonged to Х33ms by enflurane, and to Х22 ms by isoflurane. This might correspond to a MAC value of between 1.5 and 2.0 (see Discussion and Supplementary Materials [Supplemental Digital Content 4, http://links.lww.com/AA/A21]). Enflurane clearly has many other molecular and neuronal effects, such as neuronal membrane hyperpolarization, 8,28 -31 but inclusion of these effects into the model did not significantly change the model dynamics, and we have therefore only included a slight hyperpolarization of the resting membrane potential (0.5 mV).
Fitting PEDs and Burst Suppression Patterns
In previous versions of our model, we were able to generate single traveling waves, but we were unable to generate burst suppression patterns purely from alteration of IPSP amplitude and shape. In this respect, the model agreed with the experimental observations of Lukatch et al. However, it must be noted that Lukatch et al. studied burst suppression patterns with thiopental, propofol, and isoflurane but not enflurane.
We have therefore used the information from this study and incorporated a slow, activity-mediated modulation of EPSP gain ( e ) into the model (Supplementary Material [see Supplemental Digital Content 4, http://links.lww.com/AA/A21] provides further explanation of the mathematical basis of the model). If the firing rate of the excitatory neurons was low (Ͻ10/s), e was set to increase 25% over a time course of 10 s. If the firing rate was high (Ͼ10/s), the EPSP gain decreased to its starting value. The neurobiological reasoning behind the introduction of this addition to the theoretical model is that: (i) increasing fluctuations of EPSPs just before PEDs have been observed in the experiments of Lukatch et al. (Fig. 5 in their article), and (ii) the burst suppression pattern disappeared when glutamate blockers were added to their experimental preparation. There is increasing evidence of a general principle that hyperpolarization (and synaptic quiescence) tend to activate currents that increase neuronal excitability by a variety of known and unknown mechanisms. These effects may manifest as extreme sensitivity to sensory stimulus during the burst suppression EEG pattern and enlargement of the primary cortical activation area. [32] [33] [34] The simplest plausible mechanism is that synaptic inactivity markedly increases neuronal membrane resistance and increases the gap between the resting membrane potential and the EPSP reversal potential. 35, 36 However, there is a growing body of evidence that suggests that neuronal hyperpolarization and quiescence also increase excitability by activating hyperpolarization-induced depolarizing cation currents and calcium-induced burst firing. [37] [38] [39] [40] [41] [42] [43] [44] [45] Whether these excitatory effects quantitatively exceed the enflurane-and isoflurane-induced presynaptic reduction of EPSP amplitude is unknown. Conveniently, addition of this phenomenon easily and robustly causes a burst suppression pattern to appear in the "pseudo-EEG" output of simulations run using the theoretical model. ) . This implies that the majority of the MUA events occur in that small percentage of time corresponding to the PED. It can be seen that the overall probability distribution of the LFP narrows as the enflurane concentration increases. This reflects the increasing periods of suppression in the LFP.
RESULTS
Experimental Patterns of LFP and MUA
Experimental PED Morphology
As can be seen in Figures 3-5 , the distinctive characteristics of experimentally observed PEDs are that: 1) They occur singly, or in small bursts, separated by suppression patterns lasting at least a few seconds. The right-hand column of Figure 5 shows examples of close-ups of experimentally recorded single (Fig.  5B ) or multiple (Fig. 5D ) PEDs. 2) They show a sharp upstroke, often crowned with a burst of action potentials (lower graph in Fig. 3 ). 3) They show an initial fast downstroke followed by a slowing (or even small oscillations) and sometimes a small rebound hyperpolarization. 4) The PED usually involves the whole section of the cortex that is being measured, but about 20% were more localized in space, spreading only over 3-7 electrodes (approximately 1 mm 2 ). The peak depolarization among the different channels was achieved within 5-15 ms of each other. This corresponds to effective conduction velocities across the cortex of between 0.1 and 0.6 m/s. Movies of typical changes in LFP can be found in the Supplementary Digital Content (Video 1 of real, http://links.lww.com/AA/A7, and Video 2 of simulated, http://links.lww.com/AA/A8, local field potential changes during a paroxysmal epileptiform discharge). For all the PEDs, the mean (sd) amplitude was 1414 (1535) V. The time taken for the spike to decrease to half the maximum amplitude was 159 (19) ms and the time to return to Ͻ50 V from the baseline was 91 (158) ms. There is a very wide variation in the time to return to the baseline, because (as can be seen in Figs. 1, 3 , and 5) some PEDs show a rebound hyperpolarization, whereas others show a lingering depolarization wave that is probably the result of a slowly inactivating calcium current. 45 An example is seen in Figure 5D .
Model Fitting
Spike and Burst Suppression Fitting
The left-hand column of Figure 5 shows examples of the "pseudo-LFP" output from simulations of the model using parameters that are comparable with those of between 1.5 and 2.0 MAC enflurane anesthesia (the IPSP decay time constant ϭ 33 ms and the total magnitude of the IPSP area ϭ 1.8 relative to the starting value). Through the course of the simulation, the excitatory neurons of the model cortex were continuously stimulated by a low level of bandlimited white noise (with statistically constant mean and variance). The dashed line indicates the time course of the changes in total area under the EPSP. It can be seen that subcortical noisy input causes small fluctuations in mean soma potential while the relative EPSP amplitude lies below about 1.3. Around this point, the EPSP amplitude and soma potential fluctuations increase in amplitude and, depending on the random nature of the noise, sometimes result in small, localized PEDs that fail to recruit a significant area of the model cortex (Fig. 5C) . A further small increase in the EPSP amplitude precipitates the model cortex into a widespread PED. However, for the aforementioned reasons, this activity now causes the EPSP amplitude to decrease, the seizure oscillation is aborted, and the cycle repeats.
The time taken for the simulated PED to decrease to half the maximum amplitude ϭ 14 (11) ms, and the time to return to Ͻ50 V from the baseline ϭ 20 (31) ms. Following Crunelli et al., 45 if a low threshold transient, but inactivating, calcium current is incorporated into the model, a post-PED depolarizing wave is seen in the pseudo-LFP output from the simulations (e.g., Fig. 5A insert) .
Of note, the model shows increased magnitude of oscillation in the lead-up to the main PED as described (at a neuronal level) by Lukatch et al. 15 This is reflected in the fact that the dominant eigenvalue of the equations is negative but close to zero (see below) and indicates a cortex that is displaying marginal stability. (It shows large amplitude responses to the same size input, i.e., the cortex is "jittery.")
In the model cortex, we are also able to input known (nonnoisy) inputs and measure the size of the response of the soma potential, thus deriving an input-output function for the model. This was done in 500 simulation runs using the same "1.5-2.0 MAC enflurane" parameter values. The input consisted of depolarizing five macrocolumns in the center of the model cortex to Ϫ55 mV for a single (0.1 ms) time step Fig. 5A is an example of a simulation that incorporates a transient calcium current, which causes an after-discharge depolarization.
(repeated every 0.4 s). The response was quantified by the total area under the mean soma potential depolarization for 0.38 s after the stimulus (measured in a macrocolumn adjacent to the stimulated ones). Figure 6 shows how the size of this response increases as the area under the EPSP increases. For enflurane, there are three possible dynamic states: (i) low firing, (ii) oscillatory, and (iii) high firing. There is almost no increase in the size of the response until EPSP ϭ 1.15, at which point there is a sudden jump in response corresponding to the induction of PEDs.
The second jump in response (at EPSP approximately 1.42) corresponds to the model cortex shifting to a stable state of continuous maximal firing, a state presumably analogous to the tonic phase of a generalized seizure. In contrast, if we simulate 1.5-2.0 MAC isoflurane (using a shorter IPSP decay time constant ϭ 16 ms), the cortex moves, with increasing EPSP area, directly from a quiescent low-firing state (the anesthetized state) to maximal firing, with almost no intermediate oscillatory PED state. This underscores the importance of inhibitory loop delays as a mechanism of precipitating rhythmic activity in the cortex.
Stability Analysis of the Theoretical Cortex
The dynamic behavior of the system can be predicted via a linearized stability analysis. In this way, the behavior of the simulations can be formally confirmed. The differential equations are linearized about the stationary state (found by setting all derivatives equal to zero). The eigenvalues of the resulting Jacobian matrix determine the stability of the system with respect to small perturbations. When the real part of all the eigenvalues is negative, the homogeneous stationary state is stable, and the system will rapidly settle to its stationary value (termed a "fixed-point attractor"). When the dominant eigenvalue is complex and its real part vanishes, the system will undergo a Hopf bifurcation, and the state parameter (the soma voltage in this case) will exhibit unstable oscillatory behavior. From the sudden onset of large amplitude oscillatory behavior, we assume that it is a subcritical Hopf bifurcation. The frequency of the oscillation is determined by the imaginary part of the eigenvalues and lay typically between 1 and 8 Hz. Because of the constraining effects of the reversal potentials that are incorporated into our model, the exponential instability takes the form of a large amplitude oscillation. We can therefore examine the dominant eigenvalue at different parameter values to determine if the model cortex will show settled activity or extreme (seizurelike) oscillatory activity, ranging from zero firing to supramaximal firing rates. Figure 7 is a diagram of the stability of the theoretical model, as estimated by the dominant eigenvalues, at different values of EPSP amplitude and subcortical input. The real parts of the eigenvalues are closer to zero (less negative) in the low-firing (anesthetized) state than in the high-firing state. There is an area between the two states in which the eigenvalues are positive, indicating the presence of unstable cortical activity; indeed, a regime in which linear methods of analysis may no longer be applicable. If parameter values consonant with those found at 2.0 MAC isoflurane are used, there are no points at which the cortex is unstable (Fig. 7, lower) . The numbers (#) show a plausible trajectory that might be followed during the course of a burst suppression cycle. Initially (position #1) the EPSP gain is small, and thus any excitatory input does not alter the LFP. Over the course of a few seconds, the hyperpolarizationinduced increase in EPSP occurs, and the state of the cortex shifts to position #2. At this point, it can be seen that even small excitatory input can push the cortex into the area of instability (position #3 or even #4), and an abrupt depolarization to either an oscillation (#3) or a high-firing state (#4) occurs. Because this activity reduces the EPSP amplitude, the PED activity is terminated and the cortex returns to the first position (#1), ready for the cycle to repeat itself. Because of the apparently random background activity occurring at various scales in the brain, these cycles are not completely regular. This anesthetic "burst suppression" cycle is slightly different to that which might be envisioned to occur during a typical grand mal seizure, which presumably reflects failure of normal neuronal homeostatic mechanisms that usually act to abort full seizures. In this case, the cortical dynamics at position #3 would correspond to the early "recruitment" phase of a tonic-clonic seizure. Failure of containment would allow the cortex to progress to the high-firing state (#4, tonic phase), which then reverts after a few seconds into a rhythmic state (#3, hypersynchronous, clonic phase), until the unknown factors that terminate seizures cause the cortex to move back to position #1.
DISCUSSION
The theoretical cortical model is sufficient to produce PED-like dynamics that are similar to those observed in experimentally obtained data. We are proposing that the experimental EEG observations can be explained by a two-stage process involving coexistence of both inhibitory and excitatory neural mechanisms. The anesthetic-induced increased IPSP amplitude and prolongation has set the context in which subsequent slow fluctuations in the EPSP amplitude tip the dynamics of the cortex into an intermittent synchronous bursting mode of behavior (PEDs). This model provides a plausible explanation of how increased neuronal inhibition can sensitize the cortex so that even small amounts of excitation can precipitate PEDs. The relationship between PEDs and full-blown seizures is complex. In this study, we specifically allowed the EPSP amplitude to be modified by neuronal firing rate, which has the effect of making the PEDs self-limiting. If we removed the activity-dependent modulation of the EPSP, and allowed the EPSP amplitude to be maintained, the rhythmic activity would continue indefinitely in the model as described by Wilson et al., 17 which is analogous to generalized clonic seizure activity. In practice, true seizures occur only very rarely with the use of enflurane. Our modeling would therefore suggest that even high concentrations of enflurane do not often obtund the normal neuronal homeostatic mechanisms that suppress EPSP amplitude in the presence of high-firing states: namely, ␣-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid (AMPA) internalization, presynaptic calcium-dependent decrease of vesicle quanta, and activity-induced increase in neuronal membrane conductance.
We observed a special case in which we altered synaptic gain (the EPSP amplitude), but the real clinical importance of the enflurane model is that it could be generalized to explain a variety of other seizure-related phenomena. For example, simulated closure of intrinsic neuronal potassium channels or opening of persistent sodium channels (causing slight but sustained depolarization of the resting membrane potential) will also precipitate PEDs and seizure-like oscillations, both in our model and other models. 46, 47 An important effect of acetylcholine and catecholamines is to close potassium channels. 48, 49 Cholinergic-and catecholaminergic-induced seizures are occasionally observed in comatose critically ill patients. 50 Our framework could therefore explain this counterintuitive coexistence of coma (usually associated with suppression of neuronal activity) and seizures.
Problems with the Explanation
The main problem with all efforts of modeling biological phenomena is that they provide a possible explanation of a phenomenon, but the question of whether it is a true explanation always depends on subsequent confirmatory evidence. In the words of Richard Feynmann: "Did the theory prove more than it set out to prove?" We see this article as one step in this process. Initially, we sought to model the transition from the awake state to the anesthetized state. 4 Using the same model, we have then been able to describe many EEG features of slow wave sleep and anesthetic-induced seizures. 17 Now using the same model, we are able to describe burst suppression/PED EEG patterns in terms of interactions between IPSP and EPSP synaptic dynamics. Deriving the correct parameter values for the model is not a trivial problem. As . The gray grid is the level at which the real part of the dominant eigenvalue exceeds zero. Regions above this grid are unstable, and the linearization technique is no longer able to accurately characterize the dynamics of the system. The plot is included for display purposes only. Conversely, regions below the grid indicate a stable steady state in cortical activity. described in the Supplementary Material (see Supplemental Digital Content 4, http://links.lww.com/AA/A21), our parameters are constrained by extensive searches of available neurophysiological and neuropharmacological literature. In particular, there is substantial variation in values for IPSP amplitudes and decay times, depending on various experimental conditions, such as hippocampus versus neocortex and differing resting membrane potentials. We have therefore somewhat minimized the effects of enflurane and isoflurane on prolongation of the IPSP decay times in the model to be biased toward underestimation of the enflurane effects. Increased prolongation of the decay time to approximately 100 ms exaggerates the sensitivity of the model to produce PEDs but does not result in any qualitative change in the model output.
Benefits of Using the Theoretical Model
The main advantage of our approach is that it is able to explain how the combination of moderate levels of excitation combined with increased inhibition could precipitate preseizure states. It also explains why these events are usually spatially synchronous. To do this, we are able to apply the extensive formalism and language of dynamics. Although the language of dynamical theory is unfamiliar jargon to practicing clinicians, it allows us to very accurately determine oscillatory activity in terms of the eigenvalue structure of the system of equations. Does all this suggest any practical treatments? From the results in this article, to stabilize the cortex we would need to:
1. Reduce excitation even more, involving both synaptic and intrinsic mechanisms. 2. Reduce inhibitory delay. This would also include reducing the variation in the time course of summation of inhibitory dendritic input onto the neuronal trigger area. 3. Augment the natural homeostatic mechanisms that limit seizure formation. A review into possible mechanisms that stop seizures has been recently done by Lado and Moshe. 51 It is difficult to see how it would be possible to shorten the IPSP once it has been prolonged by the enflurane (apart from withdrawing the drug or giving bicuculline). Therefore, we would need to concentrate on treatments that might suppress the processes that modulate the EPSP amplitude or intrinsic neuronal depolarizing currents. These could be drugs that suppress the quiescence-induced EPSP sensitivity or more simply drugs that either directly block AMPA and N-methyl-d-aspartate channels (often associated with unacceptable psychotic side effects) or those that could block AMPA expression and phosphorylation. The N-methyl-d-aspartate blocking actions of ketamine have been used successfully to control refractory seizures. 52, 53 There are also other parameter alterations that deserve further investigation. Desynchronization of the bursting patterns of firing in inhibitory neurons, less variation in firing threshold within the excitatory neuron population, and decrease in inhibitory-inhibitory connectivity are all parameter alterations that decrease the propensity for seizurelike oscillations in the model.
We have shown that it is possible to replicate experimentally observed PEDs using a mean field model, which may in turn provide some insights into the causation and treatment of these phenomena.
